INTRODUCTION {#SEC1}
============

MicroRNAs (miRNAs) are small (∼21--23 nt) non-coding RNAs regulating gene expression by inhibiting mRNA translation and/or inducing mRNA decay ([@B1]). They play a crucial role in various biological processes and have been implicated in several human diseases, including tumorigenesis.

The let-7 family of miRNAs was first discovered in the nematode *C. elegans* ([@B2]) and presents the largest known family of miRNAs with conserved roles in development and diseases ([@B3]). In tumorigenesis, the let-7 family is considered to act in a tumor-suppressive manner since it interferes with the expression of various oncogenes or oncogenic factors, respectively. Let-7b gain-of-function screening analyses in tumor-derived cells identified a severe downregulation of various factors ([@B4]). The most striking deregulation in two cell lines derived from distinct cancers, liver (HepG2) and lung (A549) cancer, was observed for the architectural transcription factor HMGA2 and the RNA-binding proteins LIN28B and IGF2BP1 ([@B4]).

HMGA2 is a member of the High Mobility Group A class of proteins which bind to AT-rich DNA stretches and modulate gene expression by introducing structural alterations in the chromatin landscape. HMGA2-deficiency has been reported to impair growth in mice whereas the transgenic expression of HMGA2 variants enhanced the formation of benign tumors indicating that HMGA2 confers a growth advantage and thus promotes tumorigenesis ([@B5]). In agreement, HMGA2 expression is frequently upregulated in cancer, mostly (not exclusively) in tumors of mesenchymal origin ([@B5]). This upregulation was reported to involve the down modulation of let-7 directed inhibition of HMGA2 protein synthesis ([@B6],[@B7]).

LIN28A/B (lin-28 homologues A/B) negatively regulate let-7 biogenesis by interfering with miRNA processing from let-7 precursors resulting in poly-uridylation and finally let-7 degradation ([@B8],[@B9]). LIN28A/B upregulation was reported in various cancers originating from distinct germ layers ([@B10]). The transgenic expression of LIN28B induces liver tumorigenesis as well as the formation of neuroblastoma in mice supporting its broad oncogenic potential ([@B11],[@B12]). Consistent with their potency in suppressing let-7 biogenesis, LIN28A/B enhance the expression of various oncogenes and were thus suggested to promote the self-renewal potential, proliferation, invasiveness as well as immune escape of tumor cells ([@B10]).

IGF2BPs (IGF2 mRNA binding proteins) comprise a family of three mainly cytoplasmic RNA-binding proteins. IGF2BP1 and IGF2BP3 are *bona fide* oncofetal proteins with high expression observed during embryogenesis and severe upregulation or *de novo* synthesis in various tumors ([@B13],[@B14]). With the exception of reproductive tissue ([@B15]), IGF2BP2 is the only family member present in the adult organism and was implicated in type 2 diabetes (T2D) based on genome wide association studies ([@B16]). The let-7 family of miRNAs was shown/suggested to regulate the expression of all three IGF2BP family members and is inversely correlated with the abundance of IGF2BPs in various mouse and cell models ([@B14]). In LIN28B-driven liver cancer models, IGF2BP1/3 were proposed as key downstream effectors modulating the self-renewal potential of tumor cells ([@B11]). In support of this, the roles of LIN28A/B in controlling the metabolism and growth of stem cells partially rely on the modulation of let-7 dependent regulation of IGF2BP expression ([@B17]). Although let-7 dependent regulation was reported/suggested for all IGF2BPs, IGF2BP1 is of special interest. IGF2BP1\'s 3′ UTR (3\' untranslated region) length is controlled by alternative polyadenylation (APA), and the shortening of the IGF2BP1 3′ UTR (maximum length ∼6.7 kb) was shown to abolish let-7 directed regulation. Accordingly, APA was suggested to mediate the upregulation of IGF2BP1 expression in aggressive cancers ([@B18]). In addition to the extensive miRNA-dependent regulation of their expression, IGF2BPs also modulate miRNA action on some of their target mRNAs. Reported examples of this regulation are: (i) the inhibition of miR-183 directed downregulation of BTRC1 by IGF2BP1 ([@B19]); (ii) the role of IGF2BP1 in antagonizing the downregulation of MITF by miR-340 by IGF2BP1 ([@B20]); (iii) the impairment of let-7 dependent downregulation of HMGA2 by IGF2BP3 ([@B21]). In all these cases IGF2BPs were shown to enhance the expression of oncogenic factors by interfering with miRNA-targeting.

Intrigued by these observations we set out to evaluate the potency of IGF2BP1 in antagonizing the tumor-suppressive roles of the let-7 family, in particular the downregulation of HMGA2 and LIN28B. In this context, it had to be addressed if the shortening of IGF2BP1\'s 3′ UTR by APA is indeed essential to direct IGF2BP1 upregulation in primary cancer and tumor-derived cells. Unexpectedly, our studies revealed that the 3′-end processing of IGF2BP1 transcripts appears unaltered in tumor-derived cells as well as primary cancers. Most notably, however, upregulated expression of IGF2BP1 was not associated with 3′ UTR-shortening. However, IGF2BP1 sustains the expression of itself, LIN28B and HMGA2 by recruiting these let-7 target mRNAs in mRNPs lacking let-7 miRNAs and AGO2 protein. Thus, IGF2BP1 shields these transcripts from let-7 attack indicating that IGF2BP1, LIN28B and HMGA2 form a partially self-sustaining oncogenic triangle. The sequestering of the let-7 miRNA family by tough decoys identified distinct roles of the triangle factors in tumor cells. Whereas HMGA2 enhances cell growth under permissive growth conditions, IGF2BP1 and LIN28B are essential to promote the migratory and self-renewal potential of ovarian cancer (OC) cells.

MATERIALS AND METHODS {#SEC2}
=====================

Plasmids and cloning {#SEC2-1}
--------------------

Plasmid generation including the respective templates, vectors, restriction sites and oligonucleotide sequences and cloning strategies are summarized in Supplementary Table S4. All PCR (polymerase chain reaction) amplified inserts were sequenced before subcloning in the respective vectors.

miTRAP experiments, small RNA sequencing and data analyses {#SEC2-2}
----------------------------------------------------------

miTRAP experiments using wild-type (WT) or mutant 3′ UTRs of IGF2BP1, LIN28B and HMGA2 or MS2 as background control as well as sequencing of trapped miRNAs and data analyses were essentially performed as described recently ([@B34]). A brief description is provided in the Supplementary materials and methods section.

Sucrose gradient centrifugation and RNA-Immunoprecipitation {#SEC2-3}
-----------------------------------------------------------

Sucrose gradient centrifugation and RNA-Immunoprecipitation were essentially performed as recently described ([@B42],[@B44]). A brief description is provided in the Supplementary materials and methods section.

RNA isolation and RT-qPCR {#SEC2-4}
-------------------------

RNA isolation and quantitative RT-PCR (RT-qPCR) were essentially performed as recently described ([@B22],[@B44]). In brief, total RNA extracted using Trizol served as template for cDNA synthesis by random priming. RT-qPCR was performed based on SYBRgreen I technology using SYBR Select Master Mix (Life Technologies) in a 7900HT-cycler (Applied Biosystems). Whenever possible, primer pairs spanning an exon/exon border were selected using the Primer Blast database (<http://www.ncbi.nlm.nih.gov/tools/primer-blast/>). For non-exon-border spanning primer pair, no-RT controls were performed. For all primer pairs an annealing temperature of 58°C in a three step protocol was used. Relative changes of RNA abundance were determined by the ΔΔCt method using ACTB and GAPDH for normalization, as previously described ([@B44]). For primers used see Supplementary Table S5.

Northern blotting {#SEC2-5}
-----------------

Northern blot analyses for the detection of mRNAs or small RNAs were essentially performed as previously described ([@B62],[@B63]). A brief description of the important steps is provided in the Supplementary materials and methods section.

Western blotting and luciferase reporter assays {#SEC2-6}
-----------------------------------------------

Infrared Western blotting analyses were performed as previously described ([@B22]). Primary antibodies are indicated in Supplementary Table S7. For luciferase reporter assays 1 × 10^5^ ES-2 cells were transfected with 100 ng of pmiR-Glo plasmids or co-transfected with 50 nM miRNA mimics and 100 ng reporter plasmids, as previously described ([@B44]). Luciferase activities were determined 36 h post-transfection using DualGlo (Promega). All measurements were performed in triplicates. Firefly luciferase (FFL) activities were normalized by Renilla (RL) activities yielding relative activities (RLU). An empty vector containing the multiple cloning site only (MCS) served as negative control where indicated. RLU ratios were normalized to control populations where indicated.

Deep sequencing analyses and databases {#SEC2-7}
--------------------------------------

Publically available sequence alignment data files (.bam) of 45 OC cell lines sequenced in context of the cancer cell line encyclopedia (CCLE) ([@B24]) were downloaded from the Cancer Genomics Hub (<https://cghub.ucsc.edu/>). Cell lines and data identifiers are summarized in Supplementary Table S3. Data processing and further analyses are in detail described in the Supplementary materials and methods section.

Where indicated publicly available data were analyzed using the R2 platform (R2: Genomic Analysis and Visualization Platform, link: <http://hgserver1.amc.nl/cgi-bin/r2/main.cgi>) or SEEK platform (SEEK: Search-Based Exploration of Expression Compendium, link: <http://seek.princeton.edu/index.jsp>, ([@B51])). Besides a global analyses over all data sets of the R2 database, the CCLE data set consisting of 917 cancer-derived cell lines of different origin ([@B24]) as well as two primary cancer data sets (OC---Pamula Pilat---101 samples ([@B64]); Neuroblastoma---Versteeg---88 samples ([@B65])) were used.

Cell culture, transduction and transfection {#SEC2-8}
-------------------------------------------

All cell lines used were cultured in Dulbecco\'s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C and 5% CO~2~. Stably transduced ES-2 cell populations were generated by lenti-viral infection, essentially as previously described ([@B44]). Infection efficiency was determined based on GFP expression using MACSQuant (Miltenyi Biotec). All populations used were confirmed to contain \>99% GFP-positive cells. For CRISPR/Cas9 directed IGF2BP1 knockout ES-2 cells were transfected with IGF2BP1-KO plasmids encoding Cas9 together with respective sgRNAs were, as previously described ([@B66]), using Lipofectamine 2000.

ES-2 cells were transiently transfected with 15 nM of indicated siRNA pools (Supplementary Table S8) to minimize RNAi off-target effects ([@B67]). Lipofectamine RNAiMax (Life Technologies) was used in a reverse transfection protocol (6 × 10^5^ cells, 9 μl of RNAiMax in 6-well format). 24 h after transfection cells were transferred in new culture plates and analyzed as described.

Cell growth, spheroid and self-renewal assays {#SEC2-9}
---------------------------------------------

For the assessment of cell proliferation in 2D cultures, 5 × 10^4^ cells were plated 24 h post- transfection and cell number as well as propidium iodide-positive cells were determined by flow cytometry after culturing for an additional 48 h in DMEM+10% FBS. Additionally the 'cell viability' was determined by CellTiter-Glo assays (Promega), essentially as previously described ([@B26]).

For spheroid growth analyses 2 × 10^3^ cells (per 96-well) were used in the cultrex spheroid growth assays (Trevigen) according to the manufacturer\'s instructions using DMEM+10% FBS. Cells were seeded in round-bottom ultra-low attachment plates (Corning) 24 h post-transfection, centrifuged at 300 g for 3 min. Spheres were grown for additional 96 h before bright-field images were acquired using a Nikon TE-2000-E microscope equipped with a live chamber and 4x magnification. The spheroid size was automatically assessed using the Nikon NIS-Elements software measurement tool. Additionally, spheroid viability was determined by the CellTiter-Glo assay (Promega).

To determine the anoikis-resistance and self-renewal potential, 1 × 10^3^ cells were seeded in DMEM/wo FBS per flat bottom ultra-low attachment 96-well (Corning). Cells were cultured for 5 days before documenting spheroid formation by bright-field imaging (see above) and determining cell viability by CellTiter-Glo assays (Promega). For each condition and experiment 8 replicates were analyzed.

Immunofluorescence, migration and microscopy {#SEC2-10}
--------------------------------------------

For immunofluorescence analyses, cells were grown on glass coverslips, fixed and processed using indicated antibodies (Supplementary Table S8), essentially as previously described ([@B44],[@B68]). Image acquisition was performed on a Leica SP5X confocal microscope equipped with a white light laser and hybrid detectors using a 63x Plan Apo objective and standardized settings for sequential image acquisition. Representative images are shown.

For 2D single cell migration analyses, cells were seeded on collagen I-coated 8 well chamber slides (IBIDI). For the analysis of single cell migration in 3D, cells were embedded in collagen I matrix at a final concentration of 4 mg/ml (Merck Millipore). Cell spreading was allowed over night before migration was monitored over 10 h by time lapse analyses (2D: 5 min/frame; 3D: 10 min/frame) based on ZsGreen-fluorescence using a Leica SP5X inverse confocal microscope microscope equipped with a Ludin cube life chamber, 20x dry objective and multi-positioning. For analyses of 3D cultures for each position and time point z-stacks were acquired and maximal projections were analyzed. Automated cell tracking was performed using the 'CellMigrationAnalyzer' tool of the MiToBo (<http://www2.informatik.uni-halle.de/agprbio/mitobo/>) package for ImageJ (<http://imagej.nih.gov/ij/>) to determine the mean speed \[μm/min\] of those single cells observed over a time period of at least 2h. A total of 50--100 cells per condition of three different experiments were analyzed.

RESULTS {#SEC3}
=======

The let-7 miRNA family is an essential modulator of IGF2BP1 expression in tumor-derived cells {#SEC3-1}
---------------------------------------------------------------------------------------------

Aiming to characterize the role of let-7 regulated expression of IGF2BPs in cancer-derived cells, the abundance of IGF2BP proteins and let-7 miRNAs was analyzed in a panel of cell lines derived from diverse primary cancers. HEK293A cells served as non-tumor controls expressing all IGF2BPs with exceedingly high levels observed for IGF2BP1 ([@B22],[@B23]). Consistent with recent reports ([@B22]), IGF2BP1 was absent (BxPC-3) or barely (HCT-116 and MCF-7) expressed in epithelial-like tumor cells (grey) characterized by the expression of e-cadherin (CDH1) and absence of vimentin (VIM; Figure [1A](#F1){ref-type="fig"} and Supplementary Figure S1A). On the mRNA level, this was further supported in the CCLE comprising microarray expression data of 917 tumor-derived cell lines ([@B24]). IGF2BP1 expression was significantly and positively correlated with the expression of VIM and negatively associated with the expression of CDH1 (Supplementary Figure S1B). This was less striking for the other IGF2BPs (Supplementary Figure S1B).

![The let-7 miRNA controls the expression of IGF2BP1 in cancer-derived cells largely independent of 3′ UTR shortening by alternative polyadenylation. (**A**) The expression of indicated proteins was analyzed in a panel of mesenchymal- (black, bold) and epithelial-like (green) tumor-derived cells by infrared Western blotting (upper panel; also see Supplementary Figure S1A). The abundance of the let-7a miRNA and 5S rRNA (loading control) was determined by infrared Northern blotting in indicated tumor-derived cells. (**B**) Schematic of IGF2BP1-encoding mRNAs with: (i) reported sites for alternative polyadenylation (APA, black) yielding a short (S), medium-sized (M) and two long (L) transcripts; (ii) let-7 microRNA recognition elements (MREs, green). (**C**) Northern blotting of IGF2BP1 mRNAs in MCF-7 and HEK293A cells using radiolabeled probe covering parts of the coding sequence. GAPDH served as the loading control. (**D**) The relative abundance of the long (black) versus total (grey) IGF2BP1-encoding mRNAs was determined relative to HEK293A cells by RT-qPCR. The dashed line indicates distinct y-axis scaling due to the lack or low IGF2BP1 expression in epithelial-like cells. (**E**) ES-2 cells were transfected with IGF2BP1-directed siRNAs targeting in the distal 3′ UTR (pos. 8429 nt) or coding sequence (pos.671 nt). IGF2BP1 protein abundance was monitored by Western blotting. Vinculin (VCL) served as loading control. (**F**) The 5S rRNA-normalized abundance of the let-7a miRNA (see A) was plotted over VCL-normalized IGF2BP1 protein abundance as determined in (A). Significant inverse Pearson correlation of let-7a miRNA and IGF2BP1 protein is indicated above the graph. (**G**) Significant Pearson correlation (parameters indicated above graph) of LIN28B and IGF2BP1 mRNA expression in the Cancer Cell Line Encyclopedia (CCLE) according to the R2 database.](gkw099fig1){#F1}

Northern blotting revealed that let-7a is expressed at varying levels in the tumor cell panel with strikingly low levels observed in HEK293A cells and comparatively high levels in the three epithelial-like tumor-derived cells (Figure [1A](#F1){ref-type="fig"}, lower panel). These findings suggested that the let-7 family essentially controls the expression of IGF2BP1 and possibly also the other IGF2BPs. However, previous studies proposed that the shortening of the IGF2BP1 3′ UTR by APA is essential to escape let-7 directed downregulation in cancer ([@B18]). In contrast to IGF2BP2 and IGF2BP3 for which APA has not been shown, three to four IGF2BP1-encoding transcripts with substantially varying 3′ UTR length have been reported ([@B18],[@B25]). The shortest IGF2BP1 transcript (S: 2416 nt) lacks let-7 miRNA recognition elements (MREs), the medium sized (M: 3779 nt) contains two and the long variants (L: 8272 or 8769 nt) comprise five validated let-7 MREs (Figure [1B](#F1){ref-type="fig"}; ([@B18])). In agreement, three major (the large variants are indistinguishable by Northern blotting ([@B18])) IGF2BP1-encoding transcripts were identified by Northern blotting in HEK293A cells but not MCF-7 cells expressing IGF2BP1 at substantially (∼100-fold) lower levels (Figure [1C](#F1){ref-type="fig"}). Surprisingly, however, the long transcript was the most abundant variant (∼65% of total) in HEK293A cells. This was evaluated in further detail by determining the relative abundance of the long IGF2BP1 transcripts by RT-qPCR in the tumor cell panel (Figure [1D](#F1){ref-type="fig"} and Supplementary Figure S4D). Similar to HEK293A cells, the longest transcripts were the most abundant variants (in average ∼50% of total), even in epithelial-like tumor-derived cells expressing IGF2BP1 at exceedingly low levels. To determine if the long transcripts substantially contribute to IGF2BP1 protein expression, IGF2BP1 mRNAs were depleted by siRNAs targeting in the distal 3′ UTR (pos. 8429) or coding sequence (CDS, pos.671). OC-derived ES-2 cells were chosen since they express all three IGF2BP paralogues (see Figure [1A](#F1){ref-type="fig"}) and upregulated expression of all three IGF2BPs was reported to correlate with diseases progression and poor prognosis in OC ([@B26]--[@B28]). Strikingly, the knockdown of the longest transcripts led to an approximately 2-fold reduction of IGF2BP1 protein abundance whereas protein levels were reduced 10-fold by the siRNA targeting in the CDS (Figure [1E](#F1){ref-type="fig"}). Hence, the long IGF2BP1 transcript isoforms contributed significantly to IGF2BP1 protein synthesis in ES-2 cells. Together this provided strong evidence that the abundance of let-7 rather than the shortening of IGF2BP1\'s 3′ UTR by APA is essential for the post-transcriptional control of IGF2BP1 protein synthesis. In support of this, let-7a miRNA abundance was inversely correlated with IGF2BP1 protein abundance in the small panel of tumor cells analyzed (Figure [1A](#F1){ref-type="fig"} and [F](#F1){ref-type="fig"}) and during mouse brain development (Supplementary Figure S1C and D).

The abundance of let-7 miRNAs is essentially controlled by the RNA-binding proteins LIN28A/B inhibiting let-7 maturation and/or processing, respectively ([@B8]). Consistently, we observed that the LIN28B mRNA is the most significantly (*P* = 8.3 × 10^−23^) and positively (R = 0.317) correlated transcript of IGF2BP1 in the CCLE comprising expression data of 917 tumor-derived cell lines (Figure [1G](#F1){ref-type="fig"}; also Supplementary Figure S1J). In contrast, no significant (IGF2BP2) or an only moderate co-expression (IGF2BP3) was observed for the expression of LIN28B and the other IGF2BP family members (Supplementary Figure S1E and F). To test this at the protein level, the expression of IGF2BPs and LIN28B was analyzed in 23 tumor-derived cell lines and HEK293 cells serving as the normalization control (Supplementary Figure S1G--I). This confirmed a significant positive correlation of IGF2BP1 and LIN28B (R = 0.698; *P* = 1.48 × 10^−4^) strongly suggesting that IGF2BP1 expression is enhanced by the largely LIN28B-dependent downregulation of let-7 abundance in cancer cells.

The long IGF2BP1 mRNA isoforms are expressed in aggressive cancers {#SEC3-2}
------------------------------------------------------------------

In all analyzed tumor-derived cells the long IGF2BP1 mRNA isoforms were the most abundant transcripts. This suggested that the previously suggested escape from miRNA attack due to the shortening of IGF2BP1\'s 3′ UTR by APA is largely dispensable for the post-transcriptional upregulation of IGF2BP1 in aggressive cancer.

Initially this was analyzed by RNA-sequencing data of 45 OC-derived cells provided via the CCLE. In 44 cell lines, IGF2BP1 was expressed and the long 3′ UTRs were present (Figure [2A](#F2){ref-type="fig"}, left panel). Supporting the RT-qPCR analyses, the median sequence coverage indicated that the long transcripts represent ∼50% of all IGF2BP1-encoding transcripts and their expression was significantly correlated with total IGF2BP1 mRNA abundance (Figure [2A](#F2){ref-type="fig"}, right panel; Supplementary Figure S2B). Aiming to test this in primary OCs by using a distinct technique, the expression of total and long IGF2BP1 transcripts was analyzed in the Anglesio and Bowtell data sets via the R2 database (Figure [2B](#F2){ref-type="fig"}; ([@B29],[@B30])). Both these data sets are based on Affymetrix (u133plus2.0) microarrays comprising three identifiers for IGF2BP1: (i) 241574_at, that is highly compromised due to alignment with the wrong genomic strand; (ii) 223689\_ at (short), that identifies a distal region of the coding sequence and the most proximal region of the 3′ UTR present in all transcripts; (iii) 227377_at (long), that identifies a distal element of the 3′ UTR observed only in the long mRNA isoforms (Figure [2B](#F2){ref-type="fig"}, upper panel). Moreover, both data sets were analyzed by the Mas5 normalization and comprise OC samples of all four major FIGO (Federation of Gynecology and Obstetrics) stages. Although signal intensities of the proximal versus distal identifier were positively correlated (Supplementary Figure S2C), increased IGF2BP1 mRNA expression in aggressive (FIGO stages III and IV) tumors was only observed for the distal 3′ UTR identifier (227377_at, grey). This suggests that the proximal identifier underestimates expression. Nonetheless, these findings revealed an upregulation of long IGF2BP1-encoding transcripts and supported previous studies indicating upregulated IGF2BP1 protein expression in aggressive ovarian carcinomas ([@B26]). Finally, the expression of IGF2BP1 was analyzed in a third independent OC cohort using semi-quantitative and RT-qPCR (Figure [2C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}). Confirming the microarray data, IGF2BP1 mRNA expression was significantly upregulated in aggressive FIGO stage III and IV carcinomas. In all samples with detectable IGF2BP1 mRNA expression, the longest 3′ UTR was observed (Figure [2C](#F2){ref-type="fig"}). In stage IV tumor samples the long transcripts (grey) represented ∼55% of total IGF2BP1-encoding mRNAs (Figure [2D](#F2){ref-type="fig"}, black). Moreover, a significant and positive correlation of the long variants with total IGF2BP1 abundance was observed (Supplementary Figure S2D). This was in agreement with the RNA-sequencing analyses of OC cell lines (see Figure [2A](#F2){ref-type="fig"}), the microarray data analyses of primary OC samples (see Figure [2B](#F2){ref-type="fig"}) and finally Affymetrix (u133plus2.0) based analyses of 917 tumor cells analyzed in the CCLE (Supplementary Figure S2A). In conclusion, these findings provided strong evidence that 3′ UTR-shortening by APA is negligible for the post-transcriptional upregulation of IGF2BP1 expression in cancer cells and primary OC.

![The long IGF2BP1 transcripts are the most abundant IGF2BP1-encoding mRNAs in tumor-derived cells and primary cancer. (**A**) Median read coverage per base determined by RNA-sequencing for the last three exons of IGF2BP1 in 45 ovarian cancer (OC) cell lines analyzed in the CCLE (left panel). The schematic (lower left panel) indicates sequences present in all transcripts (total (T); part of the IGF2BP1 coding sequence) or in the long variants only (long (L)). Black triangles indicate APA-sites. Median read coverage of total (T, black) versus long transcripts (L, grey) determined for each cell line are depicted by box plots (right panel). Cell lines and sample identifiers are indicated in Supplementary Table S3. Statistical significance was determined by a Student\'s *t*-test: \*\*\**P* \< 0.001. (**B**) The schematic (upper panel) shows the longest IGF2BP1-encoding mRNA with APA sites (black triangle) and positions of IGF2BP1-specific identifiers on Affymetrix chips (u133plus2.0). Signal intensities of both IGF2BP1-specific identifiers reported by two OC microarray data sets (Anglesio, n = 90, GSE12172; Bowtell, n = 285, GSE9891) were compared with respect to disease aggressiveness based on FIGO-staging. Statistical significance was determined by ANOVA testing. Notably, intensities of the identifier specific for the long transcript (227377_at) increases with diseases progression. (**C, D**) IGF2BP1 expression in 29 patient samples provided by the gynecological tumor bank (University of Halle) was determined by semi-qRT-PCR (C) and RT-qPCR (D; normalized to GAPDH) with respect to FIGO-staging. Primer pairs used to distinguish the long (L, grey) variants from total (T, black) IGF2BP1 mRNA abundance are indicated in the schematic (C, upper panel). Samples without reverse transcriptase (-RT) served as negative control. Representative samples of all stages are shown (C). Statistical significance was determined by a Rank-Sum-Test. Note that total IGF2BP1 mRNA abundance was increased with higher FIGO-staging and the long transcripts presented ∼55% of total IGF2BP1-encoding mRNAs.](gkw099fig2){#F2}

The IGF2BP1 mRNA is a key target of the let-7 miRNA family {#SEC3-3}
----------------------------------------------------------

Our studies suggested that the post-transcriptional upregulation of IGF2BP1 essentially relies on the downregulation of miRNAs and/or miRNA escape by APA-independent mechanisms. Aiming to characterize the role of miRNAs in the control of IGF2BP1 expression, we analyzed the synthesis of IGF2BP family members in Dicer1 (DCR1) KO-MEFs (mouse embryonic fibroblasts) ([@B31]). In these bulk miRNA abundance, including the complete let-7 family, is substantially reduced, as revealed by miRNA-sequencing (Supplementary Figure S3A; Supplementary Table T1). Consistently, IGF2BP1 mRNA and protein levels were significantly upregulated in DCR1 KO-MEFs (Figure [3A](#F3){ref-type="fig"}; Supplementary Figure S3B). Although less pronounced, this was also observed for IGF2BP2 and IGF2BP3 suggesting that the expression of all IGF2BPs is essentially controlled by miRNAs confirming previous findings ([@B32]). To further evaluate the role of let-7 directed regulation of IGF2BP1 expression, the activities of luciferase reporters harboring the longest WT or let-7 MRE-mutated (MUT) 3′ UTRs of IGF2BP1 were analyzed in DCR1 KO-MEFs (Supplementary Figure S3C). As expected, the activity of the WT reporter was significantly upregulated in KO-MEFs. However, the activity of the MUT reporter was modestly yet significantly upregulated as well suggesting that additional miRNAs control IGF2BP1 expression. In support of this, recent studies reported regulation of IGF2BP1 by none let-7 family miRNAs, for instance miR-196b ([@B33]).

![The let-7 miRNA family is the most potent among various IGF2BP1-regulatory miRNAs. (**A**) The expression of indicated proteins and the let-7a miRNA was determined in wild-type (WT) and DCR1 (-/-) MEFs by infrared Western or Northern blotting, respectively. TUBA4A protein and 5S rRNA served as loading controls. The fold change of IGF2BP proteins in DCR1 (-/-) MEFs is indicated. Errors indicate standard deviation over three independent studies. (**B**) Schematic of the miTRAP method identifying regulatory miRNAs by RNA-affinity purification using MS2-thethering, essentially as recently described ([@B34]). (**C**) Schematics of RNA baits used for miTRAP analyses with MS2 aptamers and 2xMS2-containing IGF2BP1 WT or let-7 MRE-mutated (MUT) 3′ UTR baits. Let-7 MREs are indicated by green boxes in WT. (**D**) Western blotting of indicated proteins (upper panel) or Syto60-stained PAGE gels indicating affinity purified RNA baits (lower panel) in miTRAP elutes. (**E** and **F**) Scatter plot depicts the log fold change (FC) of miRNA enrichment determined by a Poisson exact test for the WT or MUT baits in ES-2 cells over the averaged TMM-normalized logCPM of miRNA reads in inputs. MiRNAs significantly enriched with the respective baits (FDR \< 0.05, colored), the let-7 miRNAs (green) as well as miRNAs only enriched with the WT bait (black) are indicated. (**G**) Pie chart indicating miRNAs selectively co-purified with only one or both of the used IGF2BP1--3′ UTR baits. The let-7 family is highlighted in green. (**H**) The activity of Firefly luciferase reporters comprising the longest wild type (WT, dark grey), let-7 MRE-mutated (MUT, light grey) 3′ UTRs of IGF2BP1 or only the pmiR-Glo encoded MCS (MCS, black) was determined in ES-2 cells transfected with indicated miRNA mimics. The Renilla luciferase-normalized activity of reporters was determined relative to controls co-transfected with a control miRNA (cel-239b-5p). Error bars indicate s.d. of at least three independent analyses. Statistical significance was determined by a (two-sided) Student\'s *t*-test: \**P* \< 0.05; \*\*\**P* \< 0.0005.](gkw099fig3){#F3}

To identify miRNAs regulating IGF2BP1 expression via the longest 3′ UTR in a comprehensive and quantitative manner we employed the recently established miTRAP (miRNA trapping by affinity purification) protocol ([@B34]). To this end *in vitro* transcribed MS2 control RNA, the longest WT or let-7 MRE-mutated (MUT) IGF2BP1 3′ UTRs were used as RNA baits in pulldown analyses (Figure [3B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}). In ES-2 cell lysates both 3′ UTR baits co-purified AGO1 and AGO2 proteins indicating a pivotal role of miRNA-dependent regulation of IGF2BP1 expression (Figure [3D](#F3){ref-type="fig"}). No binding was observed for the MS2 control or amylose resin loaded with Maltose binding protein-fused MS2-binding protein (MS2BP-MBP). Affinity purification of the bait RNAs was confirmed by syto60-staining of eluted RNAs (lower panel, RNA) and equal loading of the resin was evaluated via MS2BP-MBP. Notably, the association of AGO proteins was significantly reduced for the let-7 MRE-mutated bait RNA (Figure [3D](#F3){ref-type="fig"}, WT/MUT) and no binding was observed for GAPDH serving as the negative control. This suggested that the let-7 family and/or miRNAs associating at or in proximity of the respective let-7 MREs to present the key but not exclusive regulatory miRNAs controlling IGF2BP1 protein synthesis.

The association of miRNAs with the respective baits was analyzed in further detail by miRNA-sequencing. Selective binding of miRNAs to the WT or MUT baits was determined relative to MS2 controls using TMM (trimmed mean of M-value) normalization and a FDR threshold of 0.05 for differential expression (DE), as previously described ([@B34]). This confirmed selective enrichment of let-7 miRNAs with the WT but not the MUT bait (Figure [3E](#F3){ref-type="fig"} and [F](#F3){ref-type="fig"}; Supplementary Table S2). Only one let-7 family member (let-7g) was still modestly enriched with the mutated 3′ UTR. In total, 87 miRNAs (4.3% of 2042 miRNAs considered) were enriched with the WT versus 75 miRNAs (3.7%) selectively co-purified with the MUT bait RNA (Figure [3G](#F3){ref-type="fig"}). The number of selectively associating miRNAs remained largely unaffected by mutation of the let-7 MREs, as indicated by 58 (WT: ∼67% of total; MUT: ∼77% of total) miRNAs associated with both baits. However, the quantitative assessment of miRNAs selectively enriched with the wild type 3′ UTR showed that ∼60% of the reads identified members of the let-7 family (Supplementary Figure S3D). Consistently, the size of miRNA libraries generated from RNA co-purified with the MUT bait where reduced by ∼60% compared to WT bait analyses. Importantly, the let-7 family presents only ∼5% of all miRNAs observed in ES-2 cells providing further evidence that miTRAP is not biased by miRNA abundance, as previously shown for the MYC 3′ UTR ([@B34]). In addition to the let-7 family, miR-196b-5p and miR-625, previously reported to control IGF2BP1 expression in cancer cells ([@B33],[@B35]), were selectively co-purified with the IGF2BP1 3′ UTR (Supplementary Table S2). Notably, the IGF2BP1-targeting miRNAs, miR-494, miR-372 and miR-872 were not expressed in ES-2 cells ([@B36]--[@B38]).

To evaluate if miRNAs selectively co-purified with the IGF2BP1 3′ UTRs also control IGF2BP1 expression via IGF2BP1\'s 3′ UTR, four candidate miRNAs identified by miTRAP and let-7d, serving as the positive control, were chosen for further investigations. The transfection of let-7d miRNA mimics severely reduced the activity of the WT-3′ UTR harboring luciferase reporter whereas the let-7 MRE-mutated reporter remained unaffected (Figure [3H](#F3){ref-type="fig"}). All four miTRAP-identified candidate miRNAs modestly reduced the activity of the WT-reporter indicating their potential to regulate IGF2BP1 expression via the longest 3′ UTR. The *in silico* prediction of putative MREs for the novel IGF2BP1-regulatory miRNAs by miRANDA suggested multiple candidate MREs for miR-17--5p and miR-24--3p (Supplementary Figure S3E). The three validated miR-196--5p MREs overlapped with let-7 targeting sites (Supplementary Figure S3E, red; ([@B33])). Consistently, the activity of the MUT-reporter remained essentially unaffected by the overexpression of this miRNA. Only one out of six predicted miR-17--5p targeting sites overlapped with let-7 MREs. In agreement, the activity of both reporters was downregulated by miR-17--5p. For miR-24--3p only three candidate MREs with one let-7 MRE-overlapping site were predicted. Although WT-reporter activity was downregulated by miR-24--3p, the MUT-reporter remained essentially unaffected suggesting this miRNA to target mainly via the let-7 MRE-overlapping site. Only for miR-181--5p no canonical targeting site could be identified. Accordingly, a putative non-canonical site was determined by RNA-hybrid (Supplementary Figure S3E). This none let-7-overlapping candidate MRE is located in proximity to the stop codon. Consistently, miR-181a-5p regulated both reporters.

Taken together the miTRAP studies revealed that the long IGF2BP1 transcripts are subjected to regulation by multiple miRNAs with the let-7 family presenting the most potent class of regulators. The reporter analyses, moreover suggested that let-7 MREs serve as essentially hubs for miRNA-dependent regulation.

Let-7 miRNAs are key regulators of IGF2BP, LIN28B and HMGA2 expression in cancer cells {#SEC3-4}
--------------------------------------------------------------------------------------

The correlation of let-7 abundance with the expression of IGF2BP1 transcript isoforms in cancer (see Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}) and the miTRAP studies (see Figure [3](#F3){ref-type="fig"}) confirmed that IGF2BP1 is a major downstream target of let-7 in cancer, as previously proposed ([@B4]). Accordingly, we hypothesized that the previously reported tumor-suppressive role of the let-7 family is essentially modulated by the downregulation of IGF2BP1 expression. To characterize the potency of the let-7/IGF2BP1 axis in determining tumor cell fate, lentiviral vectors encoding let-7 directed though decoys were established (Figure [4A](#F4){ref-type="fig"}).

![Let-7 directed tough decoys impair the let-7 dependent inhibition of IGF2BPs, HMGA2 and LIN28B. (**A**) Schematic of a tough decoy vector directed against the let-7 family (TuD-let-7) of miRNAs, essentially designed as previously described ([@B61]). (**B**) The activity of indicated let-7 antisense Firefly reporters were determined in ES-2 cells stably transduced with TuD-let-7 or control (TuD-C) decoy vectors. The s.d. of Renilla-normalized Firefly activity ratios (TuD-let-7/TuD-C) was determined in three independent studies. (**C**) The abundance of indicated proteins was analyzed in ES-2 cells stably transduced with TuD-C or TuD-let-7. The fold change of protein abundance with s.d. was determined in three independent analyses. VCL protein levels served for normalization. (**D**) The fold change of indicated mRNAs in TuD-let-7 versus TuD-C transduced ES-2 cells was analyzed by RT-qPCR by the ΔΔC~t~-method using PPIA for normalization. Error bars indicate the s.d. of three independent analyses. (**E**) The plot depicts the fold change of indicated protein abundance in TuD-let-7 versus TuD-C transduced ES-2 cells over the number of validated let-7 MREs in the respective 3′ UTRs of protein-encoding mRNAs. Pearson correlation (parameters indicated in graph) revealed that the fold change in protein abundance is significantly increased with the number of let-7 MREs. (**F**) Schematics of IGF2BP, HMGA2 and LIN28B encoding transcripts with coding sequences (boxes, gene symbol), 3′ UTRs (scale in nucleotides, nt) and let-7 MREs (grey boxes). (**G**) The activity of luciferase reporters comprising the longest WT or let-7 MUT 3′ UTRs of indicated genes or the pmiR-Glo encoded multiple cloning site (MCS) was determined in ES-2 cells stably transduced with TuD-let-7 or TuD-C. Error bars indicate s.d. of at least three independent analyses of Renilla-normalized Firefly activity ratios (TuD-let-7 versus TuD-C). Statistical significance was determined by a (two-sided) Student\'s *t*-test: \**P* \< 0.05; \*\**P* \< 0.005; \*\*\**P* \< 0.0005.](gkw099fig4){#F4}

In ES-2 cells stably transduced with the let-7 directed decoy (TuD-let-7) the activity of let-7a, let-7d and let-7i anti-sense luciferase reporters was significantly (∼3-fold) upregulated indicating a substantial and ample impairment of let-7 directed regulation (Figure [4B](#F4){ref-type="fig"}; Supplementary Figure S4A). Consistently, the expression of IGF2BP1 as well as other reported let-7 targets including IGF2BP paralogues ([@B14],[@B32],[@B39]), HMGA2 ([@B6]) as well as LIN28B ([@B4]) was severely upregulated at the protein and mRNA level (Figure [4C](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}). This increase in let-7 target gene expression was positively and significantly correlated with the number of let-7 MREs in the respective target mRNAs (Figure [4E](#F4){ref-type="fig"} and [F](#F4){ref-type="fig"}; note that two additional sites were identified for LIN28B on the basis of *in silico* predictions). Moreover, the activity of WT but not let-7 MUT luciferase reporters harboring the 3′ UTRs of IGF2BP1, HMGA2 or LIN28B was selectively increased by TuD-let-7 in a MRE number-dependent manner (Figure [4G](#F4){ref-type="fig"}).

To test if let-7 dependent regulation of IGF2BP1, LIN28B and/or HMGA2 is also observed in other OC-derived cells, their protein expression was analyzed along with let-7a miRNA abundance (Supplementary Figure S4B). In the OC-derived cells, the expression of all three factors appeared inversely correlated with let-7a miRNA abundance. Notably, the expression of all three factors increased with the proposed aggressiveness of the analyzed OC-derived cell lines, as determined by genomic profiling ([@B40]). The highest expression of all three factors was determined in hepatocellular carcinoma (HCC) derived Huh7 and OC-derived COV318 cells, in which let-7a was not or barely observed by Northern blotting (Supplementary Figure S4B). Consistently, let-7a as well as let-7i anti-sense luciferase reporter activity was substantially increased with decreased let-7 miRNA expression (Supplementary Figure S4C). RT-qPCR analyses revealed the presence of the long IGF2BP1 3′ UTR in all cell lines (∼50% of total IGF2BP1-encoding transcripts) for which expression was observed providing further evidence that shortening of the IGF2BP1 3′ UTR is not associated with upregulated expression of IGF2BP1 in cancer-derived cells (Supplementary Figure S4D). The expression of IGF2BP1, LIN28B and HMGA2 (if detectable in parental cells) as well as let-7 anti-sense luciferase reporter activity were increased by the let-7 family directed decoy vector in all OC-derived cells analyzed (Supplementary Figure S4E and F). These findings confirmed the pivotal role of the let-7 miRNA family in the post-transcriptional regulation of HMGA2, LIN28B and IGF2BP1 expression. Let-7 decoy directed upregulation was most prominent in ES-2 cells indicating the latter as the most suitable test model for analyzing the role of the let-7 family in modulating the expression of all three factors in OC-derived tumor cells (compare Figure [4C](#F4){ref-type="fig"} and Supplementary Figure S4E).

IGF2BP1 impairs let-7 directed downregulation of HMGA2, LIN28B and itself {#SEC3-5}
-------------------------------------------------------------------------

In previous studies others and we demonstrated that IGF2BP1 associates with target mRNAs in cytoplasmic mRNPs ([@B41],[@B42]) and thereby modulates target mRNA translation ([@B42],[@B43],[@B44]), shields associated transcripts from nucleolytic cleavage ([@B42]) and/or miRNA-targeting ([@B19]). The latter suggested that IGF2BP1 is not only targeted by the let-7 family of miRNAs but also interferes with let-7 directed regulation by shielding associated transcripts from miRNA attack. Notably, this was recently demonstrated for IGF2BP3-dependent control of HMGA2 expression ([@B21]).

PAR-CLIP analyses in HEK293 cells identified binding sites for IGF2BP1 in the CDS and/or 3′ UTRs of IGF2BP1 itself, LIN28B and HMGA2 (([@B45]); Supplementary Figure S5A). With the exception of two let-7 MREs in the HMGA2 3′ UTR the reported CLIP-tags for IGF2BP1 did not overlap directly with validated let-7 MREs. In agreement, MS2-tethering studies in ES-2 cell extracts using the longest WT versus let-7 MUT 3′ UTRs of IGF2BP1, LIN28B or HMGA2 showed that IGF2BP1 association was unaffected by the inactivation of let-7 MREs (Supplementary Figure S5B). In contrast, AGO2 co-purification was markedly reduced for all three MRE-mutated RNA baits confirming the pivotal role of let-7 directed regulation and selective copurification of miRNAs and/or RNA induced silencing complexes (RISC), respectively.

To test if IGF2BP1 modulates HMGA2 and LIN28B synthesis, the expression of IGF2BP1 was impaired by CRISPR/CAS9 directed targeting of the *IGF2BP1* locus in ES-2 cells. Although residual IGF2BP1 expression including modestly shortened protein variants, presumably due to alternative translation initiation were observed in the cell population, HMGA2 as well as LIN28B expression were modestly decreased (Supplementary Figure S5C). More strikingly, the re-expression of GFP-IGF2BP1 as well as its chicken ortholog enhanced HMGA2 and LIN28B protein abundance in a dose-dependent manner. Notably, HMGA2 and LIN28B expression was only modestly restored by the re-expression of a RNA-binding deficient mutant of chicken IGF2BP1 (IGF2BP1mut; ([@B46])) providing evidence for the protective role of IGF2BP1-association with the respective transcripts. If this protective role is due to shielding target transcripts from let-7 attack and accordingly also applies to the expression of endogenous IGF2BP1, was analyzed by gain-of-function studies in ES-2 cells. The forced expression of GFP-tagged human and chicken IGF2BP1 orthologs resulted in a RNA-binding and dose-dependent increase in IGF2BP1, HMGA2 and LIN28B protein abundance (Figure [5A](#F5){ref-type="fig"} and [B](#F5){ref-type="fig"}). This was associated with modestly increased let-7 antisense reporter activity suggesting that upregulated LIN28B expression led to a very modest decrease in mature let-7 levels (Figure [5C](#F5){ref-type="fig"}, upper panel). This, however, was not veritably detectable by Northern blotting suggesting that IGF2BP1 enhanced the expression of itself, HMGA2 and LIN28B largely independent of impairing let-7 biogenesis through LIN28B (Figure [5C](#F5){ref-type="fig"}, lower panel).

![IGF2BP1 shields target mRNAs from let-7 miRNA attack. ES-2 cells were stably transduced with GFP-tagged IGF2BP1 variants or GFP as a control. The GFP-IGF2BP1mut protein (chIGF2BP1) contains mutations in the GXXG loop of all four KH-domains abolishing RNA-binding ([@B46]). (**A**) The abundance of indicated proteins (bottom) was analyzed by Western blotting. The fold change of GFP-IGF2BP1 protein variants over endogenous IGF2BP1 levels is indicated. (**B**) The fold change of indicated proteins in IGF2BP1-transduced ES-2 cells was determined relative to GFP-transduced ES-2 cells. (**C**) The fold change in Renilla-normalized Firefly activities of indicated antisense reporters was determined relative to ES-2 control cells transduced with GFP-encoding vectors. Let-7a levels of the same cell populations were determined by Northern blotting (lower panel). 5S served as loading control. (**D**) The abundance of IGF2BP1, LIN28B or HMGA2 mRNAs was determined in ES-2 cells stably transduced with indicated (top, see A--C) GFP-tagged proteins. The fold change of mRNA abundance was determined relative to GFP-transduced controls by the ΔΔC~t~-method using GAPDH and ACTB for normalization. (**E**) The activity of Firefly reporters comprising the WT (light grey) or let-7 MRE-mutated (black) 3′ UTRs of IGF2BP1, LIN28B or HMGA2 were determined as in (C) in ES-2 cells transduced as indicated (bottom). Errors in all analyses indicate the s.d. determined in at least three independent studies. Statistical significance was determined by a (two-sided) Student\'s *t*-test: \**P* \< 0.05; \*\**P* \< 0.005.](gkw099fig5){#F5}

The levels of all three endogenous mRNAs as well as the activity of luciferase reporters harboring the WT 3′ UTRs of all three transcripts were increased in a RNA-binding and IGF2BP1 protein dose-dependent manner (Figure [5D](#F5){ref-type="fig"} and [E](#F5){ref-type="fig"}). Importantly, the activity of reporters harboring 3′ UTRs with inactivated let-7 MREs remained essentially unchanged. These findings suggested that IGF2BP1 enhanced the expression of HMGA2, LIN28B and itself by shielding the respective mRNAs from let-7 attack (Figure [5E](#F5){ref-type="fig"}). This was analyzed further in HCC-derived Huh7 and OC-derived COV318 cells expressing exceedingly high levels of IGF2BP1 but barely any or very moderate levels of let-7 miRNA, respectively (see Supplementary Figure S4B). In both cell lines the abundance of IGF2BP1, HMGA2 or LIN28B proteins remained essentially unchanged by the stable expression of WT GFP-IGF2BP1 (Supplementary Figure S6A). This indicated that the let-7 antagonizing protective role of IGF2BP1 is negligible at very low levels of let-7 miRNAs and high abundance of endogenous IGF2BP1.

To compare the potency of upregulated IGF2BP1 versus HMGA2 or LIN28B expression, all three proteins were stably overexpressed in ES-2 cells (Supplementary Figure S6B and C). GFP-IGF2BP1 enhanced the synthesis of all three endogenous factors to varying extends at the mRNA and protein levels supporting a miRNA-protective role. LIN28B upregulated the expression of all three factors as well. However, compared to IGF2BP1 this enhancement was significantly stronger supporting LIN28B\'s potency in impairing let-7 biogenesis (data not shown). The forced expression of the architectural transcriptional regulator HMGA2 only led to significantly elevated expression of IGF2BP1. This suggested that HMGA2 stimulated IGF2BP1 mRNA synthesis, as previously shown for its homologue IGF2BP2 ([@B47]), or modulated secondary regulation. In summary these findings suggested a powerful self-promoting triangle consisting of HMGA2 acting at the transcriptional level, IGF2BP1 modulating gene expression by shielding mRNAs from miRNA attack and LIN28B that antagonizes let-7 biosynthesis.

IGF2BP1 protects the let-7 target mRNAs IGF2BP1, HMGA2 and LIN28B via RISC-free mRNPs {#SEC3-6}
-------------------------------------------------------------------------------------

IGF2BP1 enhanced the expression of itself, HMGA2 and LIN28B in a dose and RNA-binding dependent manner by protecting target mRNAs from let-7 attack. This suggested that the protein recruits the respective let-7 target mRNAs in previously reported cytoplasmic mRNPs devoid of let-7 miRNAs and RISC proteins ([@B41],[@B42],[@B46]).

To characterize these putative protective mRNPs, cell extracts of ES-2 cells expressing WT IGF2BP1, the RNA-binding deficient mutant protein or GFP were analyzed by linear (5--20%) sucrose gradient centrifugation (Figure [6A](#F6){ref-type="fig"}). This allowed the enrichment of pre-polysomal mRNPs comprising mRNA (Figure [6B](#F6){ref-type="fig"}), endogenous and GFP-tagged wild type IGF2BP1 and 18S rRNA in fraction five (Figure [6A](#F6){ref-type="fig"}, mRNP). Western and Northern blotting identified barely any AGO2, let-7 miRNAs, GFP or RNA-binding deficient IGF2BP1 in these fractions (Figure [6A](#F6){ref-type="fig"}). However, compared to GFP or the IGF2BP1 RNA-binding mutant protein expressing cells, the forced expression of GFP-IGF2BP1 resulted in a strikingly elevated abundance of let-7 target mRNAs regulated by IGF2BP1 (Figure [6B](#F6){ref-type="fig"}, total input; also compare Figure [5D](#F5){ref-type="fig"}) and their enrichment in fraction five, as determined by GAPDH mRNA normalized RT-qPCR (Figure [6B](#F6){ref-type="fig"}). In contrast, no enrichment was observed for the PPIA (cyclophilin A) mRNA that is neither associated nor regulated by IGF2BP1 ([@B44]). If GFP-IGF2BP1 associated with its target mRNAs and/or RISC components in these complexes was analyzed by the immunopurification of GFP-tagged proteins from fraction five (Figure [6C](#F6){ref-type="fig"}). Consistent with an only moderate abundance of GFP and the GFP-tagged RNA-binding deficient mutant in fraction five (Figure [6C](#F6){ref-type="fig"}, mRNP input), only the GFP-tagged wild type IGF2BP1 was significantly enriched by immunoprecipitation. Endogenous IGF2BP1 was co-purified with GFP-IGF2BP1 supporting previous reports on the RNA-dependent oligomerization of IGF2BPs ([@B46]). AGO2 protein was not associated with GFP-IGF2BP1 indicating that the mRNPs lack RISC protein components. In agreement, let-7a miRNA was neither observed in inputs (mRNP) nor in immunopurified GFP-IGF2BP1 associated complexes by Northern blotting. This was further supported by RT-qPCR analyses revealing that only ∼0.3% of total let-7a was found in the mRNP fraction but not detectable upon GFP-IGF2BP1 immunopurification (data not shown). Although barely observed in the mRNP input fractions, due to their low abundance (only 5% were used for cDNA synthesis), semi-quantitative RT-PCR demonstrated that all three let-7 and IGF2BP1 target mRNAs were selectively associated with GFP-tagged IGF2BP1. In contrast, the highly abundant GAPDH mRNA (see mRNP input) was not co-purified with GFP-IGF2BP1.

![The IGF2BP1-'safe-guard' mRNPs lack miRISC components. (**A**) Pre-polysomal mRNPs were analyzed by linear 5--20% sucrose gradient centrifugation. The UV-254nm profile (top) was recorded for 10 fractions. The distribution of rRNAs was analyzed by ethidium bromide (EtBr) stained agarose gels for all fractions and the ribosomal pellet (RP). The sedimentation of indicated proteins and the let-7a miRNA was monitored by Western and Northern blotting, respectively (lower panel). (**B**) The mRNA enrichment (GFP-IGF2BP1 to GFP and GFP-IGF2BP1 mutant) in each fraction was determined by RT-qPCR using GAPDH for normalization. Ratios were corrected for increased abundance of target mRNAs upon GFP-IGF2BP1 expression via input samples. (**C**) RIP and protein copurification (GFP-IP) analyses of the mRNP fraction isolated from cells stably transduced with GFP (G), GFP-IGF2BP1 (I1) or the GFP-IGF2BP1 KH-mutant (M) were performed using GFP-directed antibodies. Proteins were analyzed by Western blotting with indicated antibodies (protein), mRNAs were monitored by semi-quantitative RT-PCR (mRNA) and let-7a abundance was determined by Northern blotting (miR). Protein and RNA abundance in total input or the mRNP fraction (mRNP input) are indicated on the left. Representative analyses are shown.](gkw099fig6){#F6}

In conclusion, these findings identified pre-polysomal complexes comprising WT IGF2BP1 associated with let-7 target mRNAs. Notably, these complexes lacked AGO2 and let-7 miRNAs suggesting that IGF2BP1 protected target mRNAs from miRNA attack by recruiting target mRNAs in RISC/let-7 devoid mRNPs.

Let-7 impairs tumor cell growth and self-renewal by suppressing the HMGA2-IGF2BP1-LIN28B triangle {#SEC3-7}
-------------------------------------------------------------------------------------------------

The let-7 miRNA family was shown to act in a tumor-suppressive manner in distinct cancers, including OC ([@B48]). Aiming to reveal the role of the let-7 antagonizing triangle consisting of HMGA2, IGF2BP1 and LIN28B in directing the phenotypes of OC-derived ES-2 cells, the three proteins were independently depleted by siRNA pools in ES-2 cells stably transduced with the let-7 family directed decoy (Figure [7A](#F7){ref-type="fig"}). Compared to ES-2 cells transduced with control decoys, the expression of all triangle factors was upregulated by the let-7 directed tough decoy. The depletion of each triangle factor only modestly impaired the other factors, for instance LIN28B and HMGA2 were mildly downregulated by the depletion of IGF2BP1 in the let-7 decoy-transduced cells. This suggested that the experimental set-up provides a suitable approach for testing the role of each factor in antagonizing the 'tumor-suppressive' role of the let-7 family.

![The HMGA2-LIN28B-IGF2BP1 triangle antagonizes let-7 directed repression of tumor cell growth and self-renewal. (**A**) The expression of indicated proteins was analyzed by Western blotting in ES-2 cells stably transduced with control (TuD-C) or let-7 directed (TuD-let-7) decoys upon the transient transfection with indicated siRNA pools for 72 h. The fold change of protein abundance (indicated above lanes) was determined relative to TuD-C transduced non-transfected controls. Errors indicate the s.d. of three independent analyses. (**B** and **C**) Representative images (bar, 500 μm) of spheroids formed in conical low adhesion plates (DMEM/10%FBS, 72 h) by ES-2 cells transduced with decoys and transfected with siRNA pools as indicated were acquired by light microscopy (B). The viability (C) of ES-2 cells in spheroid studies was determined by Celltiter-GLO relative to non-transfected ES-2 cells transduced with control decoys (TuD-C). (**D** and **E**) Representative images (bar, 100 μm) of spheroids formed in planar low adhesion plates (DMEM/woFBS, 120 h) by ES-2 cells transduced with decoys and transfected with siRNA pools as indicated were acquired by light microscopy as in (B). The viability (E) was determined as described in C. Errors indicate the s.d. of at least three independent studies. Statistical significance was determined by a (two-sided) Student\'s *t*-test: \**P* \< 0.05; \*\*\**P* \< 0.0005; ns *P* ≥ 0.05.](gkw099fig7){#F7}

In 2D-cultured cells the impairment of let-7 directed regulation led to a significant increase of tumor cell proliferation, as evidenced by increased cell numbers determined by flow cytometry (Supplementary Figure S7A). Cell numbers were significantly reduced by the depletion of IGF2BP1 and HMGA2 but not LIN28B. Notably, the number of dead cells remained essentially unchanged (Supplementary Figure S7B). This showed that the reduction of let-7 activity by TuD-let-7 in 2D-cultured cells led to elevated proliferation through (at least in part) the upregulation of IGF2BP1 and HMGA2. Like observed in 2D-cultured cells, the growth and viability of 3D-cultured ES-2 cell spheroids, grown in concave low adhesion plates, was enhanced by TuD-let-7 and significantly reduced by the depletion of IGF2BP1 or HMGA2 but not LIN28B (Figure [7B](#F7){ref-type="fig"} and [C](#F7){ref-type="fig"}; Supplementary Figure S7C). Finally, the role of the let-7 antagonizing triangle on anoikis resistance and the self-renewal potential of ES-2 cells was investigated by monitoring spheroid formation and viability in the absence of FBS using planar low adhesion plates (Figure [7D](#F7){ref-type="fig"} and [E](#F7){ref-type="fig"}). Confirming the tumor-suppressive role of the let-7 miRNA family, the formation and viability of spheroids and cell clusters cultured in the absence of FBS was substantially enhanced. In contrast to analyses performed in FBS-containing medium, the depletion of HMGA2 remained ineffective whereas the knockdown of LIN28B significantly decreased the formation and viability of spheroids. Strikingly, the depletion of IGF2BP1 severely impaired or even abolished spheroid formation and viability.

Taken together these findings indicated that let-7 directed regulation of gene expression impairs the proliferation, self-renewal and anoikis resistance of tumor cells. Under favorable conditions (in the presence of FBS) the anti-proliferative role of the let-7 family was partly facilitated via the impairment of HMGA2 and/or IGF2BP1 expression. Self-renewal and anoikis resistance, however, were largely modulated by let-7 directed downregulation of LIN28B and most strikingly IGF2BP1.

Let-7 impairs tumor cell migration by suppressing IGF2BP1 and LIN28B {#SEC3-8}
--------------------------------------------------------------------

In addition to elevated proliferation and renewal capacity an aggressive tumor cell phenotype is commonly characterized by enhanced migratory and invasive capacity of tumor cells. This is frequently associated with an enhanced mesenchymal- and stemness-like phenotype of tumor cells. In previous studies others and we demonstrated that the IGF2BP protein family is an essential modulator of cell migration during development and in cancer ([@B44],[@B49]). In accord with these findings, others and we reported that IGF2BP1 enhances a mesenchymal-like cell phenotype in primary stem as well as tumor-derived cells ([@B22],[@B50]). Accordingly, we hypothesized that inhibiting the expression of IGF2BP1 is essential for let-7 directed impairment of a mesenchymal-like cell phenotype with high migratory capacity.

In 2D-cultured ES-2 cells, the downregulation of let-7 activity by TuD-let-7 was associated with an enhanced formation of filopodia-like cell protrusions and a modestly reduced localization of ß-catenin (CTNNB1) at the cell periphery (Figure [8A](#F8){ref-type="fig"}; Supplementary Figure S8A). This was abolished by the depletion of IGF2BP1 and LIN28B leading to enhanced cell--cell contact formation and recruitment of CTNNB1 to the cell periphery. Notably, however, the depletion of LIN28B or IGF2BP1 failed to induce the formation of CDH1-containing adherens junctions (data not shown). In contrast to LIN28B and IGF2BP1, cell morphology and CTNNB1 localization remained essentially unchanged by the knockdown of HMGA2 in ES-2 cells transduced with the let-7 decoy.

![The LIN28B-IGF2BP1 axis antagonizes let-7 directed repression of 3D tumor cell migration. (**A**) The morphology of ES-2 cells transduced with decoys and transfected with siRNA pools as indicated was analyzed by F-actin labeling using Phalloidin-TRITC and staining of nuclei by DAPI. Representative images are shown. Enlargements of boxed regions (upper panel) are shown in the lower panel. Bars, 25 μm. (**B** and **C**) The migration of ES-2 cells transduced with decoys and transfected with siRNA pools as indicated was analyzed in 3D collagen matrices by time lapse live cell microscopy. The maximum projection of the 3D volumes was used to determine migratory paths (B) and speed of individual cells. The mean speed determined for individual cells (n \> 100, analyzed cells) is depicted by box plots (C). Statistical significance was determined by a (two-sided) Student\'s *t*-test: \**P* \< 0.05; \*\*\**P* \< 0.0005; ns *P* ≥ 0.05. (**D**) Schematic of the HMGA2-LIN28B-IGF2BP1 triangle with direct (solid lines) or indirect/non-characterized (dashed lines) regulation of expression. Line strength indicates the power of regulation (fold up-/downregulation). The let-7 miRNA family inhibits the expression of all three factors. IGF2BP1 enhances the expression of LIN28B, HMGA2 and itself by shielding mRNAs from let-7 attack. LIN28B controls the expression of HMGA2, IGF2BP1 and itself indirectly by repressing let-7 biogenesis. HMGA2 modestly enhances the expression of IGF2BP1, presumably by promoting IGF2BP1 mRNA synthesis. Prime let-7 antagonized tumor cell phenotypes enhanced by triangle factors are indicated in blue triangles.](gkw099fig8){#F8}

Supporting the observed enhancement of mesenchymal-like cell properties, the reduction of let-7 activity by TuD-let-7 resulted in increased 2D migration speed of ES-2 cells (Supplementary Figure S8B and C). Similar to effects on cell morphology, the depletion of LIN28B or IGF2BP1 but not HMGA2 abolished enhanced 2D migration observed in cells transduced with TuD-let-7. In contrast to modestly enhanced 2D migration, ES-2 cells stably transduced with the let-7 directed decoy showed a strongly elevated migratory capacity in 3D collagen matrices (Figure [8B](#F8){ref-type="fig"} and [C](#F8){ref-type="fig"}). As observed for 2D migration, the migratory capacity of ES-2 cells in 3D matrices remained unaffected by the depletion of HMGA2 but was significantly reduced by the knockdown of LIN28B and almost completely abolished by siRNA-directed downregulation of IGF2BP1.

In conclusion these findings indicated that the let-7 family impairs mesenchymal-like tumor cell properties and 2D as well as 3D tumor cell migration. These tumor-suppressive roles are largely directed by the let-7 dependent inhibition of IGF2BP1 and LIN28B expression.

The IGF2BP-LIN28B-HMGA2 triangle is active in a broad range of cancers {#SEC3-9}
----------------------------------------------------------------------

Our findings suggest that IGF2BP1, LIN28B and HMGA2 antagonize let-7 action and thus promote an aggressive tumor cell phenotype. To determine if this positive feedback triangle could be active in a broad range of cancers, we searched for genes preferentially co-expressed with IGF2BP1 using the SEEK ([@B51])) database. This revealed a striking positive correlation of IGF2BP1, LIN28B and HMGA2 expression in a variety of data sets (Supplementary Figure S9A). In contrast, no significant co-expression was observed for VCL serving as the negative control. This was further confirmed by microarray expression data of 917 tumor cell lines in the CCLE data set as well as by RNA-seq data of 45 OC-derived cell lines analyzed in the CCLE data set (Supplementary Figure S9B). These findings and the presented evidence for a let-7 antagonizing role of the triangle suggested a substantial co-expression of let-7 targeted mRNAs with IGF2BP1 and/or all triangle factors. To test this, a let-7 targeting score for the top 100 genes positively (red) or negatively (green) correlated with IGF2BP1 in the CCLE data set or all three triangle factors in SEEK (cancer data sets) was determined based on let-7 MRE predictions by the multi-MiR R package ([@B52]). This confirmed significantly higher top and median let-7 targeting scores for the co-expressed genes in both data sets (Supplementary Figure S9C). Intriguingly, IGF2BP2 and IGF2BP3 were among the positively associated genes in both data sets. In the triangle co-expression analyses in SEEK (cancer data sets) they even received the highest co-expression scores. This supported previous studies indicating IGF2BP3 to enhance HMGA2 expression ([@B21]). If all IGF2BP paralogues promote the expression of the other triangle factors was analyzed in ES-2 cells. The forced expression of all three GFP-tagged IGF2BPs resulted in upregulated expression of endogenous IGF2BP1 and HMGA2 (Supplementary Figure S9D). The abundance of LIN28B was only enhanced by IGF2BP1 and IGF2BP2 a finding requiring further investigation. Supporting previous studies, LIN28B expression substantially enhanced the expression of IGF2BP1, HMGA2 and itself whereas HMGA2 only modestly increased IGF2BP1 levels.

Finally, we analyzed the correlation of the triangle factors in a 2D gene view cross data set analysis via the R2 database. This revealed the most striking correlation across data sets as well as within samples for IGF2BP1 and LIN28B (Supplementary Figure S9E). Notably, a significant positive association was observed for three OC data sets (data not shown). A positive correlation across data sets was also observed for IGF2BP1 and HMGA2 as well as HMGA2 and LIN28B (Supplementary Figure S9F and G). However, in samples the correlation of IGF2BP1 or LIN28B with HMGA2 was weak or not significant, respectively (compare 'sample' in Supplementary Figure S9F and G versus Figure S9E).

In summary these findings provide strong evidence that the triangle consisting of IGF2BP1, LIN28B and HMGA2 (Figure [8D](#F8){ref-type="fig"}) is associated with the upregulation of let-7 target genes (including IGF2BP2 and IGF2BP3) and is active in a broad range of tumor-derived cells and primary cancers.

DISCUSSION {#SEC4}
==========

Our studies demonstrate that the tumor-suppressive role of the let-7 miRNA family is substantially antagonized by the self-promoting oncogenic 'triangle' composed of the architectural transcription factor HMGA2 and the RNA-binding proteins IGF2BP1 and LIN28B (Figure [8D](#F8){ref-type="fig"}). All 'triangle' factors are prime targets of the let-7 family previously identified in various independent studies, including gain-of-function analyses in distinct cancer-derived cells ([@B4]). In agreement, the levels of all three factors were substantially increased in OC-derived ES-2 cells transduced with let-7 directed tough decoys. This was associated with a significant enhancement of oncogenic tumor cell potential. The depletion of triangle factors in decoy-transduced ES-2 cells revealed that specific oncogenic properties were reduced in a factor-dependent manner (Figure [8D](#F8){ref-type="fig"}). Expression analyses showed that IGF2BP1 and LIN28B enhance the expression of all triangle factors whereas HMGA2 only modestly promoted the expression of IGF2BP1.

Although HMGA2 showed the most significant susceptibility to let-7 attack in loss- (here) and gain-of-function studies ([@B4]), it surprisingly had the weakest oncogenic potential of all triangle factors in ES-2 cells. In decoy transduced ES-2 cells the depletion of HMGA2 only impaired cell proliferation and spheroid growth when cells were cultured under permissive conditions, in the presence of FBS. This in agreement with previous observations indicating that the loss of HMGA2 for instance interferes with the growth of MEFs ([@B53]). The analysis of cell morphologies and 2D as well 3D cell migration analyses consistently showed that the depletion of HMGA2 in decoy-transduced cells remains ineffective. These findings relativize the view that HMGA2 enhances ovarian surface epithelial transformation by promoting epithelial-to-mesenchymal transition (EMT) ([@B54]). Various studies report that HMGA2 is a *bona fide* marker of aggressive serous ovarian carcinoma ([@B55]) and proposed promising candidate for OC silencing therapy ([@B56]). However, in the Pamula-Pilat OC data set analyzed via the R2 database HMGA2 mRNA abundance was neither associated with event-free nor overall survival (data not shown). Moreover, HMGA2 showed the weakest association with the other triangle factors across cancer data sets (see Figure [8A](#F8){ref-type="fig"}--[C](#F8){ref-type="fig"}) supporting its weak triangle promoting effects. Importantly, however, various studies report a pivotal tumor-suppressive role of the let-7 family in OC ([@B48]). Consistently, we observed that impairing let-7 activity substantially enhanced the oncogenic potential of OC-derived ES-2 cells. Hence, although the here presented *in vitro* analyses in OC-derived cells require further investigation by *in vivo* mouse models, our studies provide strong evidence that the let-7 directed inhibition of HMGA2 in cancer cells primarily modulates tumor growth under permissive conditions.

LIN28B was the most potent enhancer of triangle factor expression. When overexpressed (see Supplementary Figure S6D) it essentially abolished let-7 synthesis (data not shown) and stimulated the expression of IGF2BP1 (∼5-fold), itself (∼10-fold) and HMGA2 (∼12-fold). This enhancement of triangle factor expression was stronger than observed for impairing let-7 activity by decoys indicating the significant potency of LIN28B in suppressing let-7 biogenesis in cancer ([@B10]). Moreover, we cannot rule out that LIN28B also modulated the fate of triangle factor-encoding mRNAs directly and thus potentially independent of let-7 miRNAs. More importantly, however, LIN28B depletion in decoy-transduced ES-2 cells substantially impaired their self-renewal potential whereas it apparently was largely dispensable under permissive growth conditions (see Figure [7](#F7){ref-type="fig"}). Its pivotal role in determining self-renewal is largely consistent with findings in stem cells and other cancers ([@B10],[@B17]). In ovarian epithelial cancer, recent studies reported that the expression of LIN28B and the IGF2BP1 homologue IGF2BP3 is associated with poor survival and confers platinum resistance in ovarian-cancer derived tumor cells ([@B57]). As shown here, LIN28B depletion significantly decreased the migration of decoy-transduced ES-2 cells and in agreement was reported to reduce cell migration when depleted in distinct OC-derived cells ([@B57]). In support of these findings, elevated expression of LIN28B was associated (*P* = 0.02) with reduced overall survival in the Pamula-Pilat data set (data not shown). Taken together these findings support the view that the inhibition of LIN28B by the let-7 family essentially impairs the self-renewal and stemness-like properties of OC cells.

The oncofetal protein IGF2BP1 was identified as a *bona fide* let-7 target in cancer-derived cells and suggested to escape let-7 directed regulation due to the shortening of its 3′ UTR by APA in aggressive cancers ([@B4],[@B18]). In sharp contrast, we found that the expression of the longest IGF2BP1 transcripts is not reduced but rather increased in cancer-derived cells and most notably in aggressive OCs and neuroblastoma (see Figure [2](#F2){ref-type="fig"}; data not shown). This strongly suggests that the APA-dependent shortening of IGF2BP1\'s 3′ UTR is negligible in cancer. Instead our studies provide strong evidence that the enhanced expression of IGF2BP1 in aggressive cancers is largely due to the synergistic action of downregulated let-7 abundance and increased inhibition of let-7 directed regulation. Reduced let-7 levels are likely due to elevated LIN28A/B expression. In agreement, LIN28B and IGF2BP1 showed a strong positive correlation across cancer data sets and in cancer-derived cells, in which LIN28B was the most significantly and positively correlated factor according to expression data in the CCLE. Moreover, IGF2BP1 substantially enhanced the expression of all triangle factors, including itself, in a let-7 dependent manner. These findings are largely supported by previous studies showing that IGF2BP1 shields transcripts from let-7 independent miRNA attack, for instance miR-183 directed regulation of BTRC1 expression ([@B19]). Moreover, recent studies showed that IGF2BP3 protects HMGA2 transcripts from let-7 directed downregulation suggesting that all IGF2BPs antagonize miRNA-dependent regulation of their target mRNAs ([@B21]). In support of this, we observed that all IGF2BPs enhanced the expression of HMGA2 as well as IGF2BP1, and IGF2BP1/2 promoted the expression of LIN28B when overexpressed in ES-2 cells (see Supplementary Figure S9D). We propose that this 'safe-guard' role of IGF2BPs is largely facilitated via cytoplasmic mRNPs comprising IGF2BPs associated with 'virgin' mRNAs, which have not undergone the first round of mRNA translation, as previously suggested by others and us ([@B41],[@B42]). In support of this, we isolated such mRNPs comprising IGF2BP1 associated with its target mRNA HMGA2, LIN28B and itself. Most notably, these mRNPs lack let-7 miRNAs and AGO proteins indicating that triangle factor-encoding transcripts are not subjected to let-7 directed regulation when associated with IGF2BP1 in virgin mRNPs. In ES-2 cells, the IGF2BP1-dependent association of target mRNAs with 'protective' mRNPs as well as triangle factor expression was increased with IGF2BP1 abundance. This indicates that the shielding of transcripts was associated with the enhanced expression of triangle factors. In summary, we propose that IGF2BP1 enhances the expression of triangle factors and potentially additional let-7 miRNA target mRNAs by shielding target transcripts from miRNA attack. This is further amplified by the LIN28B-dependent downregulation of let-7 levels. Thus, in concert, triangle factor enhance tumor cell aggressiveness via a self-promoting triangle until let-7 levels are diminished to negligible amounts, as for instance observed in HCC-derived Huh7 cells.

In OC, the association of elevated IGF2BP expression with poor patient prognosis supports this protective role ([@B26]--[@B28]). Moreover, our findings indicate that among all triangle factors analyzed in let-7 decoy-transduced ES-2 cells, IGF2BP1 depletion had the most severe effects. IGF2BP1 knockdown significantly reduced tumor cell proliferation and spheroid growth under permissive growth conditions confirming its largely cancer type-independent role in controlling tumor cell proliferation and tumor growth ([@B26],[@B58],[@B59]). More importantly, however, IGF2BP1 depletion essentially abolished the self-renewal potential of decoy-transduced ES-2 cells and thus showed an even higher oncogenic potential than LIN28B (see Figure [7D](#F7){ref-type="fig"} and [E](#F7){ref-type="fig"}). Consistent with previous studies, IGF2BP1 depletion also impaired the 2D migration of decoy-transduced ES-2 cells and induced a MET-like (mesenchymal-epithelial-transition) morphological transition ([@B22],[@B44]). Additionally, the first time analysis of IGF2BP1\'s role in 3D migration provide strong evidence that IGF2BP1 enhances the dissemination of OC cells also *in vivo*, as previously observed in a breast cancer mouse model ([@B60]). Notably, pro-migratory and growth promoting roles were assigned to all three IGF2BPs in OC-derived cells providing further evidence that all three IGF2BPs enhance the oncogenic potential of the let-7 antagonizing triangle ([@B28],[@B57]).

In conclusion our findings indicate that the tumor-suppressive roles of the let-7 family are antagonized by a potent and self-promoting triangle consisting of IGF2BP1 (potentially all IGF2BPs), LIN28B and HMGA2. Although *in vivo* analyses and studies in other cancers are required, we provide evidence that the identified let-7 antagonizing triangle is probably active in a broad range of cancers, a finding supported by previous studies in neuroblastoma and liver cancer ([@B11],[@B12]). Future studies now have to aim at impairing the potency of this triangle. From our point of view the most promising strategy is the concomitant impairment of LIN28B\'s role in suppressing let-7 biogenesis and the downregulation of IGF2BP1 expression. This would enhance the abundance of the tumor-suppressive let-7 miRNA family and simultaneously would decrease let-7 directed shielding activity by IGF2BP1.
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